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ABSTRACT 


A  flared  (10-deg  semiangle)  axisymmetric  body  was  tested  at 
Mach  6,  8,  and  10  in  the  von  Karman  Gas  Dynamics  Facility  to  investi¬ 
gate- the  effect  of  model  wall  temperature  on  the  existence  of  laminar 
flow  separation  and  reattachment.  The  results  consisted  of  longitudinal 
surface  pressure  distributions  obtained  at  zero  incidence.  By  varying 
the  stagnation  pressure,  the  influence  of  the  free-stream  Reynolds 
number  on  the  extent  of  flow  separation  was  also  investigated.  Exten¬ 
sive  measurements  were  made  at  Mach  8  for  Reynolds  numbers  (based 
on  centerbody  diameter)  ranging  from  about  0.  05  to  0.  29  million  and  at 
wall  temperatures  from  about  0.  1  to  0.  8  times  the  free-stream  stagna¬ 
tion  temperature.  The  results  show  that  wall  cooling  increased  sub¬ 
stantially  the  pressure  gradients  at  the  separation  and  reattachment 
locations.  The  size  of  the  interaction  region  (upstream  influence)  was 
found  to  decrease  systematically  with  decreasing  wall  temperature  ratio 
(Reynolds  number  constant)  and  to  increase  with  increasing  Reynolds 
number  (constant  wall  temperature  ratio).  The  effect  of  free-stream 
Mach  number  on  the  upstream  influence  (at  fixed  local  Reynolds  number 
and  wall  temperature)  was  indicated  to  be  negligible. 
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NOMENCLATURE 


Cp  Surface  pressure  coefficient,  (p  -  Pa>)/Qao 

d  Model  centerbody  diameter,  1.  00,  in. 

M  Mach  number 

p  Static  or  surface  pressure,  psia 

Free-stream  dynamic  pressure,  psia 
Red  Free-stream  Reynolds  number  based  on  centerbody  diameter 

r  Local  radius,  in. 

S  Surface  distance  relative  to  flare  leading  edge,  positive 

downstream,  in. 

T0  Tunnel  stilling  chamber  temperature,  °R 

Tw  Surface  temperature,  °R 

x  Axial  distance,  in. 

a  Angle  of  attack,  deg 

$  Roll  angle,  deg 

SUBSCRIPTS 
0 


Beginning  of  interaction  between  boundary  layer  and  external 
flow 

Free  stream 
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SECTION  I 
INTRODUCTION 


An  experimental  examination  of  the  effect  of  surface  cooling  on 
flare -induced,  laminar  flow  separation  was  conducted  at  hypersonic 
speeds.  These  tests  were  made  for  the  Nielsen  Engineering  and  Re¬ 
search  Company  in  order  to  provide  data  for  comparison  with  theo¬ 
retical  results  being  developed  under  a  contract  with  the  Air  Force 
Flight  Dynamics  Laboratory. 

The  original  work  of  Nielsen,  et  al.  (Ref.  1)  showed  that  if  the 
model  wall  temperature  were  below  some  critical  percentage  of  the 
free -stream  total  temperature,  separation  would  cease  to  exist  for  a 
free  interaction  between  the  boundary  layer  and  the  external  flow.  Their 
calculations  for  the  case  of  "first-order  coupling"  indicated  that  a  wall 
temperature  which  was  less  than  a  fourth  of  the  stagnation  temperature 
would  suffice  at  Mach  numbers  of  six  or  above  and  that  this  critical 
ratio  was  independent  of  Reynolds  number.  The  "second-order  coupling" 
theory,  also  derived  in  Ref.  1,  is  the  theory  with  which  the  results  of 
this  test  will  be  compared.  This  second  theory  differs  from  the  first 
primarily  in  that  it  allows  total  temperature  gradients  to  exist  between 
the  zero  velocity  line  and  the  wall  in  the  region  between  separation  and 
re  attachment. 

The  configuration  used  in  this  investigation  was  chosen  on  the  basis 
of  the  results  in  Ref.  2.  The  nose  configuration,  however,  was  modi¬ 
fied  to  reduce  the  flow  expansion  at  the  junction,  and  the  centerbody  was 
lengthened.  Both  of  the  changes  were  made  to  produce  a  more  uniform 
flow  field  in  the  region  approaching  the  flare. 

Because  preliminary  investigations  with  an  internally  cooled  model 
indicated  that  even  moderately  uniform  longitudinal  temperature  distri¬ 
butions  were  extremely  difficult  to  realize  in  a  continuous  flow  hyper¬ 
sonic  wind  tunnel,  a  technique  which  would  use  a  heat-sink  type  model 
and  the  model  injection  system  was  investigated  and  developed.  For 
short  exposures,  it  was  found  possible  to  achieve  quite  uniform  model 
temperatures;  and  by  using  fast  response  transducers,  the  pressures 
could  be  measured  during  the  short  time  available. 

Feasibility  tests  for  the  pressure  system  were  conducted  in  April 
1967,  and  shakedown  tests  of  the  specially  built  pressure  package  were 
conducted  at  Mach  6  in  November  1967.  Tests  were  then  conducted  at 
Mach  6,  8,  and  10  during  the  period  from  December  1967  through 
April  22,  1968,  with  the  primary  emphasis  placed  on  obtaining  compre¬ 
hensive  data  at  Mach  8. 
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SECTION  II 
APPARATUS 


2.1  WIND  TUNNELS 

Tunnels  B  and  C  are  continuous,  closed -circuit,  variable  density 
wind  tunnels  having  50-in.  -diam  contoured  axisymmetric  nozzles  and 
model  injection  systems. 

Tunnel  B  has  a  Mach  6  throat  and  a  Mach  8  throat  (for  which  the 
nozzle  was  designed).  It  can  be  operated  at  stagnation  pressures  from 
about  20  to  300  psia  at  Mach  6  and  from  50  to  900  psia  at  Mach  8.  The 
stagnation  temperatures  vary  from  about  390°F  at  Mach  6  to  a  maximum 
of  about  900°F  at  Mach  8. 

Tunnel  C  has  a  Mach  10  throat  with  a  nozzle  designed  for  that  Mach 
number,  and  it  can  be  operated  at  stagnation  pressures  from  200  to 
2000  psia  and  stagnation  temperatures  up  to  about  1450°F. 

A  more  complete  description  of  the  tunnels  may  be  found  in  Ref.  3. 

2.2  MODELS 

The  model  geometry  and  the  important  details  of  the  model  used 
with  the  fast -response  pressure  system  are  shown  in  Fig.  1.  The 
model  had  41  pressure  orifices  located  as  shown  in  the  bottom  view.  A 
removable  1/8-in.  cover  plate,  sealed  with  an  O-ring,  was  provided  on 
the  side  opposite  the  orifices  to  allow  access  to  the  three  thermocouples 
and  to  permit  installation  of  the  tubing.  The  aft  centerbody  section  and 
the  flare  were  machined  from  one  piece  of  beryllium  copper.  The  body 
extension  and  ogival  nose  were  made  from  the  same  material,  but  the 
nose  was  plated  to  minimize  erosion  of  the  surface.  The  model  was 
supported  by  a  sting  which  was  connected  to  the  transducer  package,  as 
shown  by  the  photograph  of  the  model  on  the  tunnel  centerline  in  Fig.  2. 

A  second  model  was  tested  to  obtain  some  data  at  near  adiabatic 
wall  temperatures.  This  model  was  the  same  one  used  in  Ref.  2.  Since 
the  centerbody  diameters  were  the  same,  the  ogival  nose  was  inter¬ 
changed  between  the  two  models. 
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Fig.  2  Model  Installation  in  Tunnel  B 


2.3  INSTRUMENTATION 

The  primary  pressure  measurements  were  obtained  using  a  fast- 
response  pressure  system  developed  specifically  to  satisfy  the  require¬ 
ment  for  surface  pressure  data  at  isothermal  model  wall  conditions.  A 
transducer  package,  components  of  which  are  shown  in  Fig.  3,  was 
designed  to  provide  a  controlled  environment  for  the  transducers  and 
also  to  serve  as  a  model  support.  The  package  (4-in.  OD)  was  sealed 
such  that  the  internal  pressure  could  be  varied,  and  water  was  circu¬ 
lated  through  the  passage  between  the  inner  and  outer  shells  to  provide 
a  stable  interior  temperature  (approximately  70°F).  A  connector  plate 
at  the  upstream  end  of  the  package  joined  the  model  tubing  to  the  trans¬ 
ducer  tubing.  The  combined  length  of  tubing  was  no  more  than  about 
two  feet  for  any  orifice.  A  variable-reluctance  wafer  gage  of  ±0.5-psid 
capacity  was  used  for  each  orifice,  and  carrier  amplifiers  having 
variable  attenuation  conditioned  the  transducer  signal  before  recording 
in  digital  form  on  magnetic  tape. 


4 


A  E  DC.T  R  .68- 1 35 


Fig.  3  Transducer  Package  Components 


The  leads  from  three  Chromel®-Alumel®  thermocouples,  which 
were  embedded  in  the  model  mass  just  under  the  cover  plate  (as  located 
in  Fig.  1),  were  carried  through  two  0.  25 -in.  tubes  which  passed  through 
the  pressure  package.  The  leads  from  two  Gardon  heat  gages  installed 
on  the  flare  were  also  run  through  these  tubes.  These  heat  gages  were 
installed  with  the  expectation  of  deducing  the  onset  of  transition  from 
changes  in  heat-transfer  rate.  During  initial  tests,  one  developed  an 
electrical  short,  and  the  other  produced  inconclusive  results.  Because 
adequate  indications  of  the  state  of  the  boundary  layer  during  flow  re¬ 
attachment  were  provided  by  the  shadowgraph  system,  no  heat-gage  data 
will  be  presented. 

The  pressure  measurements  obtained  at  near  adiabatic  wall  tem¬ 
perature  conditions  were  made  with  the  standard  Tunnel  B  FM-type 
pressure  transducer  system  using  the  model  from  Ref.  2. 

Based  upon  a  comparison  of  numerous  repeated  test  conditions 
using  the  fast -response  pressure  system,  the  repeatability  of  individual 
measurements  was  less  than  ±0.  002  psi  when  the  zero  shift  measured 
over  the  injection  cycle  was  less  than  0.  0001  psi.  Similar  spreads  in 
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repeatability  were  observed  with  the  standard  transducer  system.  More¬ 
over,  no  definable  deviation  of  these  repeatability  bands  with  tunnel 
pressure  level  variation  was  observed.  In  terms  of  pressure  coefficient, 
this  repeatability  corresponds  to  a  band  of  approximately  ±0.  001. 

Temperature  repeatability  was  considerably  less  than  one  degree. 
However,  there  is  some  question  about  the  absolute  error  at  tempera¬ 
tures  in  the  neighborhood  of  liquid  nitrogen  temperature  (-320°F)  be¬ 
cause  measurements  as  much  as  5°F  lower  were  sometimes  recorded. 
This  situation  often  occurred  even  though  the  model  temperature  was 
steady  with  time  during  the  cooling  phase;  the  steady  temperature  was 
interpreted  as  proof  of  having  reached  the  temperature  of  liquid  nitrogen. 


2.4  TESTING  PROCEDURES 

When  using  the  fast -response  pressure  system,  calibrations  of  all 
transducers  were  made  frequently.  A  calibration  pressure  was  applied 
by  raising  the  pressure  inside  the  transducer  package  to  a  value  no 
more  than  0.  5  psi  above  the  ambient  pressure  existing  in  the  model- 
injection  tank.  This  calibration  pressure  differential  was  simultaneously 
measured  with  a  high  resolution  standard  transducer.  A  zero  pressure 
differential  was  also  recorded  by  venting  the  transducer  package  through 
suitable  valving  to  obtain  ambient  tank  conditions  on  both  sides  of  all 
transducers. 

During  testing,  the  standard  transducer  was  used  to  establish  the 
absolute  reference  pressure  level  for  the  wafer  transducers.  Just  be¬ 
fore  model  injection,  the  transducer  package  was  vented  briefly  to  the 
near  free-stream  pressure  prevailing  in  the  tank  to  seal  in  a  stable 
reference  pressure.  Then,  with  the  standard  transducer  referenced  to 
a  hard  vacuum,  the  ambient  tank  pressure  was  recorded. 

s 

When  the  model  was  retracted,  the  wall  temperature  was  varied 
from  about  100°F  to  about  -320°F  by  spraying  the  model  with  liquid 
nitrogen  through  a  perforated  manifold  which  ran  along  both  sides  and 
by  spraying  dry,  high-pressure  air  toward  the  nose  of  the  model  through 
a  nozzle  in  the  tank  door.  This  nozzle  was  closely  aligned  with  the  axis 
of  the  model  and  was  used  to  control  the  level  of  temperature  as  well  as 
to  blow  off  frost  accumulations.  Whenever  frost  was  allowed  to  take  on 
the  appearance  of  a  sheet  of  thin  ice  (rather  than  a  slightly  glazed  condi¬ 
tion),  it  would  clearly  affect  the  pressure  measurement  if  it  formed  over 
the  orifices.  However,  with  experience,  it  became  relatively  easy  to 
obtain  the  minimum  temperature  without  significant  frost  formation. 
Longitudinal  temperatures  uniform  to  within  ±5°F  were  easily  obtained 
at  all  temperature  levels  investigated. 
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The  model  incidence  was  set  at  zero  (±3  min)  with  respect  to  the 
tunnel  centerline  and  was  frequently  checked,  not  only  with  an  inclinom¬ 
eter  set  on  the  centerbody  but  also  with  a  precision  transit  when  the 
model  was  injected  into  the  airstream.  The  zero  roll  reference  posi¬ 
tion  was  defined  to  be  with  the  orifices  on  the  bottom  side  since  it  was 
expected  that  the  liquid  nitrogen  spray  might  overload  the  transducers. 
The  cooling  procedure,  however,  caused  no  such  problem  when  the 
model  was  rolled  to  <t>  =  180  deg. 


SECTION  111 

RESULTS  AND  DISCUSSION 


The  effects  of  Reynolds  number  at  essentially  ambient  (approxi¬ 
mately  80°F)  wall  temperature  are  illustrated  by  the  results  in  Fig.  4. 

It  may  be  observed  that  the  longitudinal  station  at  which  the  pressure 
began  to  rise  was  moved  upstream  by  a  Reynolds  number  increase. 

This  trend  is  characteristic  of  laminar  flow  separations  which  remain 
laminar  through  reattachment  (see  Ref.  2).,  Another  characteristic  of 
laminar  reattaching  flows,  adequately  demonstrated  for  the  first  time 
for  wedge-type  separations  in  Ref.  4,  is  shown  by  the  data  in  Fig.  4a. 
That  is,  the  pressure  gradient  on  the  flare  is  approximately  constant 
when  the  flow  is  laminar  through  reattachment.  However,  when  transi¬ 
tion  first  approaches,  the  gradient  becomes  highly  sensitive  to  Reynolds 
number.  Thus,  the  distribution  shown  in  Fig.  4b  for  Mach  6  at 
Red  =  0.  38  x  106  should  be  classed  as  a  transitional  reattachment  (this 
is  also  verified  by  shadowgraph  pictures  to  be  presented  later).  The 
theoretical  estimates  included  in  these  figures  verify  the  observed  con¬ 
ditions  upstream  and  downstream  of  the  interaction  region. 

The  consistency  of  the  results  and  the  high  resolution  of  the  pres¬ 
sure  measurements  are  illustrated  by  the  Mach  8  data  in  the  region  of 
flow  separation  from  Fig.  4a  plotted  to  an  enlarged  scale  in  Fig.  5. 

Since  there  was  some  effect  of  Reynolds  number  on  the  centerbody  pres¬ 
sure  ratio  upstream  of  the  primary  interaction  (as  shown  in  Fig.  5a), 
these  data  were  nondimensionalized  by  the  pressure  at  the  beginning  of 
the  interaction  (Fig.  5b)  to  illustrate  more  clearly  the  slight  variation 
of  the  peak  pressure  ratio  with  Reynolds  number  (in  this  case  at  the 
corner:  S/d  =  0).  Furthermore,  these  data  (Fig.  5b)  show  that  the 
maximum  pressure  gradient  was  also  only  slightly  affected  by  the  three¬ 
fold  Reynolds  number  change.  The  absence  of  any  inflection  in  the  pres¬ 
sure  rise  prior  to  the  corner  at  Red  =  0.  07  x  10^  clearly  shows  that  sig- 
nigicant  separation,  that  is,  the  reverse  flow  region,  had  ceased  to  exist 
at  that  condition. 
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The  pressure  distributions  obtained  at  Mach  8  using  the  standard 
pressure  measuring  system  are  given  in  Fig.  6  in  terms  of  the  pres¬ 
sure  coefficient.  In  this  case,  the  model  was  allowed  to  approach  an 
equilibrium  temperature  before  taking  data.  These  data  show  the 
laminar  trend  of  an  increased  upstream  interaction  for  an  increase  in 
Reynolds  number,  but  a  comparison  of  these  results  with  those  in 
Fig.  4a  shows  that  the  interaction  region  was  considerably  increased 
when  the  wall  temperature  was  increased. 

The  most  significant  effect  of  rolling  the  model  (at  a  =  0)  was  founc 
at  Mach  10.  These  data  are  presented  in  Fig.  7,  and  the  estimated 
mean  values  of  Cp  are  given  by  the  curve.  The  change  attributable  to 
roll  at  Mach  6  and  8  was  on  the  order  of  the  repeatability  and,  thus,  in¬ 
significant.  Since  the  effect  of  a  0.  5 -deg  incidence  change  was  found  to 
move  separation  downstream  and  reattachment  upstream  on  the  wind¬ 
ward  side  (conversely  on  the  leeward  side),  the  results  shown  here  can 
hardly  be  attributed  to  flow  angularity.  Nevertheless,  the  tests  at 
Mach  10  were  terminated  early  because  these  results  (at  the  maximum 
available  Reynolds  number)  indicated  that  the  incipient  separation  con¬ 
dition  was  being  closely  approached. 

The  effects  of  Mach  number  on  the  flare -induced  interaction  are 
illustrated  by  the  data  in  Fig.  8  for  an  approximately  constant  free- 
stream  Reynolds  number.  A  most  interesting,  and  perhaps  quite 
surprising,  point  to  note  is  the  independence  of  the  reattachment  pres¬ 
sure  distribution  at  fixed  Reynolds  number.  The  maximum  pressure 
gradient  upstream  of  the  flare,  although  nominally  the  same,  does, 
nevertheless,  show  the  correct  trend  with  Mach  number.  It  was  shown 
in  Ref.  2  that  this  gradient  in  two-dimensional  flow  is  increased  by  in¬ 
creasing  either  the  wall  cooling  or  the  Mach  number,  although  the 
latter  effect  was  indicated  to  be  negligible  at  M  >  8.  There  does  ap¬ 
pear  to  be,  however,  a  rather  substantial  decrease  in  the  upstream 
influence  for  the  Mach  number  increase  shown.  It  may  also  be  seen 
that  there  was  a  fairly  large  effect  of  Mach  number  on  the  centerbody 
pressure  upstream  of  the  separation  region,  and  this  may  account,  in 
part,  for  the  observed  effects.  As  will  be  seen  in  the  next  figures,  the 
wall  temperature  has  an  important  influence  on  the  scale  of  the  inter¬ 
action.  Since  the  stagnation  temperature  was  increased  as  the  Mach 
number  was  increased,  the  wall  temperature  ratio  decreased  such  that 
the  decrease  in  the  separation  extent  shown  in  Fig.  8  cannot  be  ascribed 
solely  to  Mach  number. 
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Fig.  6  Surface  Pressure  Distributions  for  Mach  8  with  Near  Adiabatic  Wall  Temperature 
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a.  Low  Reynolds  Number,  0.069  <  Rej  x  10-4  i  0.083 
Fig.  8  Surface  Pressure  Distributions  at  Different  Mach  Numbers  for  Near  Ambient  Wall  Temperatures 


AEDC-TR-68-135 


The  influence  of  wall  cooling  on  the  overall  interaction  for  constant 
Reynolds  numbers  and  Mach  numbers  is  clearly  demonstrated  by  the 
pressure  distributions  given  in  Figs.  9a  and  b.  There  are  two  obvious 
effects  generally  evident.  First,  the  pressure  gradients  were  con¬ 
spicuously  increased;  secondly,  the  region  over  which  the  interaction 
takes  place  was  substantially  reduced.  The  data  in  Fig.  9c  are  pre¬ 
sented  to  show  how  transition  can  affect  these  trends.  As  already  noted 
in  the  discussion  of  Fig.  4b,  the  flow  in  the  region  of  reattachment  at 
Red  =  0.  38  x  1()6  was  transitional  for  the  nearly  adiabatic  wall  tempera¬ 
ture.  Since  the  flare  pressure  gradient  changed  such  a  relatively  small 
amount  with  surface  cooling  (Fig.  9c),  this  indicates  that  wall  cooling 
had  a  secondary  influence  on  transitional  flow  reattachment.  That  is, 
reattachment  was  influenced  to  a  greater  extent  by  the  change  in 
boundary-layer  velocity  profile  shape  than  by  the  reduction  in  thickness 
caused  by  the  cooling.  This  would  also  explain  why  the  beginning  of  the 
interaction  changed  so  little,  for  it  is  certainly  the  reattachment  loca¬ 
tion  that  controls  the  separation  location  for  wedge-type  separations. 

Additional  data  like  those  already  presented  have  been  examined  to 
estimate  the  distance  upstream  of  the  flare  at  which  the  pressure  distri¬ 
bution  first  showed  the  onset  of  the  free-interaction  process  associated 
with  the  flare-induced  separation/interaction.  These  results,  which  are 
summarized  in  Fig.  10,  show  conclusively  that  wall  cooling  reduced  the 
upstream  influence,  (S/d)Q,  at  all  Reynolds  numbers  and  that  the  up¬ 
stream  influence  decreased  as  Reynolds  number  was  reduced,  regard¬ 
less  of  the  wall  temperature  ratio.  To  illustrate  the  effect  of  free-stream 
Mach  number  on  the  upstream  influence,  data  for  Mach  6  (from  Fig.  9d), 
Red  =  0.  083  x  10^,  are  included  in  Fig.  10b.  These  data  indicate  that  a 
substantial  decrease  in  (S/d)Q  resulted  when  the  Mach  number  was  in¬ 
creased  from  6  to  8  at  fixed  free-stream  Reynolds  number.  If,  however, 
a  Reynolds  number  based  on  the  local  external  conditions  were  used  as 
the  basis  of  comparison,  these  Mach  6  data  should  be  compared  with 
Mach  8  data  at  a  free-stream  Reynolds  number  of  about  0.  14  x  10^  be¬ 
cause  of  the  higher  total  pressure  loss  across  the  bow  wave  at  Mach  8. 

On  this  basis,  the  data  indicate  an  almost  negligible  effect  of  Mach  num¬ 
ber. 


The  shadowgraph  pictures  in  Figs.  11  and  12  are  presented  to 
illustrate  the  effects  of  wall  temperature  and  Mach  number  on  the 
boundary  layer.  These  pictures  show  that  turbulence  was  easily  iden¬ 
tified  at  both  Mach  8  (in  the  wake  near  the  sting).  Fig.  11a,  and  at 
Mach  6  (on  the  flare  near  its  midpoint).  Fig.  12a.  The  pictures  in 
Fig.  12  at  Mach  6  show  that  wall  cooling  produced  a  substantial  delay 
in  the  onset  of  transition. 
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Rey  “  0. 069  X  10 
T0  -  1180°R 


d.  Mach  6,  Minimum  Reynold*  Number 
Fig.  9  Concluded 
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x  10-6 

a.  Wall  Temperature  Ratio  Constant 


Sym  Red  x  10  6 
•  0.29 

o  0.23 


b.  Reynolds  Number  Constant 

Fig.  10  Variation  of  Hie  Upstream  Influence  with  Reynolds  Number  ond 
Heat  Transfer  ot  Mach  8  ond  Zero  Incidence 
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a.  Hear  Ambient  Wall  Temperature  (Tw/T0  -  0.4) 


b.  Minimum  Wall  Temperature  (Tw/T0  ~  0.1) 

Fig.  11  Shadowgraph  Pictures  at  Mach  8  far  Different  Wall  Temperatures 
at  Red  =  0.23  x  10* 
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Transition 


Near  Ambient  Wall  Temperature  (Tw/T 


b.  Minimum  Wall  Temperature  (Tw/T0  -  0.3) 

12  Shadowgraph  Picture*  at  Mach  6  for  Different  Woll  Temperatures 
atRed  =  0.17  x  104 
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